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The CD3 subunits comprise a CD3 heterodimer, aBoston, Massachusetts 02115
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but CD3 being structurally related (Alarcon et al., 1988;Dana-Farber Cancer Institute and Department
de la Hera et al., 1991; Koning et al., 1990; Manolios etof Medicine
al., 1991; Punt et al., 1994). Thus, each TCR complexHarvard Medical School
appears to consist of a minimum of eight polypeptidesBoston, Massachusetts 02115
(de la Hera et al., 1991; Ghendler et al., 1998a; Punt
et al., 1994). Sequence determination and biochemical
analyses suggest that each CD3, , and  subunit con-Summary
tains one extracellular immunoglobulin (Ig)-like domain,
a membrane-proximal stalk region, a transmembraneThe T cell receptor (TCR) consists of genetically di-
helix, and a cytoplasmic domain. The interaction be-verse disulfide-linked  and  chains in noncovalent
tween a TCR  chain heterodimer and a pMHC initiatesassociation with the invariant CD3 subunits. CD3 and
a cascade of downstream signaling events via the immu-CD3 are integral components of both the TCR and
noreceptor tyrosine-based activation motifs (ITAM) inpre-TCR. Here, we present the solution structure of a
the CD3 cytoplasmic tails (Irving and Weiss, 1991; Let-heterodimeric CD3 ectodomain complex. A unique
ourneur and Klausner, 1992; Reth, 1989). The variousside-to-side hydrophobic interface between the two
CD3 chains exhibit different interactions with intracellu-C2-set immunoglobulin-like domains and parallel pair-
lar signaling factors, thus inducing distinct patterns ofing of their respective C-terminal  strands are re-
cellular protein tyrosine phosphorylation upon activa-vealed. Mutational analysis confirms the importance
tion (Exley et al., 1994; Isakov et al., 1995; Letourneurof the distinctive linkage as well as the membrane
and Klausner, 1992; Osman et al., 1996; Ravichandranproximal stalk motif (RxCxxCxE) for domain-domain
et al., 1993; Sunder-Plassmann et al., 1997). These post-association. These biochemical and structural analy-
translational modifications provide necessary informa-ses offer insights into the modular pairwise associa-
tion to the cell about qualitative and quantitative aspects
tion of CD3 invariant chains. More importantly, the
of TCR ligation. Since the TCR  chains do not possess
findings suggest how the rigidified CD3 elements par- functionally relevant cytoplasmic domains, it is the CD3
ticipate in TCR-based signal transduction. components which mediate critical “data transfer” from
the external environment to the intracellular com-
Introduction partment.
The CD3 subunits are also required for cell surface
The TCR is essential for immune recognition by a T expression of the TCR heterodimers on mature T lym-
lymphocyte of a specific antigenic peptide bound to phocytes. In the absence of CD3 or CD3 chain expres-
a major histocompatibility complex molecule (pMHC) sion due to genetic mutations or following anti-CD3
(Ashwell and Klausner, 1990; Clevers et al., 1988; Davis mAb-mediated modulation of CD3 heterodimers, there
and Bjorkman, 1988; Marrack and Kappler, 1986; Rein- is a severely reduced number of TCR molecules on the
herz et al., 1983). Binding of the Fab-like clonotypic  cell surface as shown by in vitro analysis (Hall et al.,
heterodimer to pMHC alters the adjacent CD3 compo- 1991; Kappes and Tonegawa, 1991; Meuer et al., 1983a,
nents in an as yet unknown manner to activate intracellu- 1983b; Reinherz et al., 1982; Sussman et al., 1988). In
addition, the CD3 heterodimer and CD3 homodimerlar signaling pathways. X-ray crystallographic studies
are integral components of the pre-TCR, a receptor ex-have begun to elucidate the interaction between a TCR
pressed on precursor thymocytes prior to TCR ex- heterodimer and a pMHC (Degano et al., 2000; Ding
pression and regulating  T cell development (Haks etet al., 1998, 1999; Garboczi et al., 1996; Garcia et al.,
al., 1998; Saint-Ruf et al., 1994). In genetically engi-1996, 1998; Hennecke et al., 2000; Reinherz et al., 1999;
neered mouse strains in which CD3, , or  genes haveReiser et al., 2000; Teng et al., 1998; Wang et al., 1998).
been disrupted by homologous recombination, thereHowever, due to lack of CD3 structures, essentially no
is a developmental blockade of thymocytes at theatomic detail is currently available about the initial
CD4CD8 double negative (DN) stage (Haks et al.,events in the TCR signaling process. Understanding T
1998; Liu et al., 1993; Love et al., 1993; Malissen et al.,cell signaling is a challenging problem in view of the
1993, 1995; Ohno et al., 1993). In contrast, the CD3
chain is required for TCR expression at a later stage of
3 Correspondence: ellis_reinherz@dfci.harvard.edu (E.L.R.), wagner@
thymocyte development when CD4CD8 double posi-wagner.med.harvard.edu (G.W.)
tive (DP) thymocytes are driven to terminally differentiate4 Present address: Laboratory of Molecular Biotechnology, Depart-
into single positive (SP) CD4CD8 or CD4CD8 thy-ment of Microbiology, College of Natural Sciences, Gyeongsang
National University, Chinju, Republic of Korea. mocytes (Dave et al., 1997).
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To begin to understand the basis of CD3 function in Table 1. Statistical Analysis of 15 NMR Structures of CD3ext
both the TCR and pre-TCR, we have focused on the
NOE distance restraintsstructural definition of the CD3 heterodimer. Here we
Intraresidue 363
present the solution structure of a heterodimeric CD3 Medium range (	4) 640
extracellular domain complex. Employing a protein con- Long range (
4) 612
Total 1,615struct that obviates mispairing or folding problems in E.
Hydrogen bond restraints 105coli, CD3 proteins were produced in the absence of the
Backbone dihedral angle restraints (φ and ) 165other TCR components. Important insights into TCR-
Ramachandran plotabased signal transduction are offered. Given the struc-
Most favored region 74.5%
tural similarities between CD3 and CD3, a plausible Additionally allowed region 23.1%
model for the CD3 heterodimer can also be developed. Generously allowed region 1.5%
Disallowed region 0.9%
Rmsd from ideal geometryResults and Discussion
Bonds (A˚) 0.00169  0.00005
Angles () 0.317  0.005
Protein Design and Overall Structure Impropers () 0.156  0.011
of the CD3 Heterodimer Rmsd from mean structure (backbone)a
CD3 (A˚) 0.95With the goal of investigating the CD3 subunits, E. coli
CD3 alone (A˚) 0.62expression was utilized to produce CD3 ectodomain
CD3 alone (A˚) 0.60fragments including the murine CD3 subunit N-terminal
Ig-like extracellular domain alone or as a single chain 15 NMR structures were selected from 25 models calculated using
the XPLOR (Bru¨nger, 1992) program, with no NOE violations largerconstruct with that of CD3. The latter links the CD3
than 0.3 A˚ and no angular violations larger than 5. Statistical resultssegment to the C terminus of the CD3 segment via a
were obtained using software MOLMOL (Koradi et al., 1996) and26 amino acid peptide (scCD326). C-terminal trunca-
PROCHECK-nmr (Laskowski et al., 1993).
tion of each ectodomain was chosen based upon intron- a Calculations exclude the 26 linker residues, residues 1–6 at the
exon organization of CD3 and CD3 genes as well as CD3 N terminus, and residues 1–7 and 80–81 of CD3.
to avoid disulfide scrambling from unpaired cysteines
in the membrane proximal stalk regions. Although CD3
alone could be produced at high yield when directed to
from CD3 and  domains are fused to form one con-inclusion bodies, the refolded monomeric CD3 protein
joined  sheet. The secondary structure of CD3ext canwas not native as judged by mAb binding and was es-
be best described by five separate  sheets arrangedsentially unstructured by 15N-1H two-dimensional NMR
in a butterfly-like pattern when viewed edge-on (Figureanalysis (Kim et al., 2000). In contrast, these same mAb
2B). Two “side”  sheets consisting of the A, B, and Estudies demonstrate that cotranslation of CD3 and
strands lie along the outer edges of the butterfly wings.CD3 chains as a single protein insures proper folding
Another two “top”  sheets consisting of the C, Cwhen appropriate spatial proximity is maintained, even
strands and the upper portions of the F and G strandsin the absence of their ectodomain stalk regions con-
are located in the antenna region of the butterfly. Finally,taining the conserved RxCxxCxE motif.
the lower portions of the F and G strands coalesce toThe solution structure of scCD326 (hereafter re-
form the central four-stranded  sheet as the body offerred to as CD3ext), a 20.6 kDa protein containing a
the butterfly.total of 186 residues, was solved by NMR spectroscopy
using isotopically labeled proteins produced from E. coli
(Table 1). An ensemble of 15 NMR structures of CD3ext CD3 Ectodomains Belong to the C2-Set IgSF
The  strands in the CD3ext follow the Greek key pat-shows two readily apparent CD3 and CD3 domains
in complex with each other (Figure 1). Both CD3 and tern found in the canonical C2-set fold with some signifi-
cant differences (Figure 3). The disulfide-linking cysteineCD3domains have an elongated shape, with the length,
width, and depth being approximately 40 A˚, 25 A˚, and residues (Cys21, Cys62 from CD3 and Cys24,
Cys65 from CD3) commonly used as the reference25 A˚, respectively. The two domains abut tightly with
their long axes parallel to one another and roughly per- points for IgSF domain comparisons are shifted toward
the upper edges of the  sheets. Both B strands arependicular to the T cell membrane that would lie at the
bottom of the figure in this view. shortened and terminate at their respective cysteine
residues. In addition, the long E-F loops containing par-Each CD3 domain consists of seven  strands orga-
nized into two  sheets linked by a disulfide bridge. tially structured helical turns force the bottom portions
of the ABE sheets and the GFCC sheets apart, exposingDistinct from the common  sheet to  sheet interface
observed in many immunoglobulin-like superfamily hydrophobic residues between the A and G strands for
interdomain interactions as described below. Conse-(IgSF) domains, the CD3ext complex adopts primarily
a side-to-side interaction mode with both subunits ori- quently, the “top” GFCC  sheets are in an almost
perpendicular orientation relative to the “side” ABEented in the same direction, but rotated nearly 180
relative to each other along the vertical axis between faces (Figure 2B). The larger head region (approximately
53 A˚  30 A˚ in cross section) consisting of the “top”the two G strands (Figure 2). Three pairs of backbone
amide hydrogen and carbonyl oxygen atoms of residues  sheets may be involved in interaction with the TCR
molecule and/or other T cell surface components. TheTyr74, Lys76, Gln76, and Tyr78 from the G strands
participate in a parallel  sheet hydrogen-bonding pat- narrower stem region (approximately 37 A˚  25 A˚ in
cross section) consisting of the central conjoined tern (Figure 2A). The lower halves of the GFCC  sheets
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Figure 1. Stereo View of the Backbone Trace Ensemble of 15 CD3ext NMR Structures
The  strands are labeled (white for CD3 and cyan for CD3) and colored in yellow, with the more mobile loop regions colored in red. For
clarity, the flexible, mobile, and unstructured 26 amino acid interdomain linker has been omitted. Figure prepared using MOLMOL (Koradi et
al., 1996).
sheet and the ABE “side” sheets is primarily responsible Comparison of Individual CD3 Domains
One remarkable feature of the CD3 domain is that itfor maintaining the structure of the complex and likely
contains an excess of acidic residues (pI 4.6), many ofinvolved in transducing signals into the cytoplasm as
which are located in the BC and EF loop regions (Figurediscussed below. Note how the intradomain disulfide
3). Although the negatively charged residues in the EFbond bridging the B and F strands at the center of each
loop are highly conserved, they do not appear to beCD3 domain reinforces the association between the
directly involved in the interaction with CD3. The BChead and stem regions (Figure 2B).
loop has an unusual structure, with a kink due to aThe structures of the CD3 and CD3 domains are
conserved Pro22 residue immediately after the B strandvery similar, and their backbone superposition indicates
and a sharp turn formed by residues 26 to 29 before thethat the average root-mean-square deviation (rmsd) is
C strand (Figures 2 and 3). The BC loop is thus bent1.39 A˚ for 30 C pairs (selected mainly from the 
outward to allow extensive interaction with the CE loop.strands). For comparison, among the top-scoring
This highly negatively charged region may be involvedmatches identified from DALI and VAST structural ho-
in interaction with a positively charged pocket formedmology searches, the backbone average rmsd is 1.34 A˚
between the constant domains of the TCR  hetero-for 34 C pairs between CD3 and a C2-set domain 2
dimer (Wang et al., 1998). The region immediately follow-of CD2, and 1.32 A˚ for 33 C pairs between CD3 and
ing the FG turn in CD3 has a poorly defined, possiblythe N-terminal domain of an Ig Fc receptor (Fc-R IIb
highly mobile structure compared to CD3 (Figure 3).or CD32), an intermediate between I and C2-set domains
Perhaps this region becomes ordered when complexed(Sondermann et al., 1999). The N-terminal domain of
with the TCR  heterodimer or pre-TCR pT- hetero-
CD32 and domain 2 of ICAM-1 contain an extra A strand
dimer. In contrast to CD3, there is an excess of posi-
which, in conjunction with absence of the D strand, tively charged residues on the surface of CD3 (pI 9.5).
defines the I2-set IgSF (Casasnovas et al., 1998). Inter- The C strand is one of the most interesting structural
estingly, the CD3ext complex shows that the interdo- features in CD3 (Figure 2A). The direction of the C
main pairing of the two hydrogen bonded G strands of strand is not parallel to, but almost diagonal with an
the heterodimer is similar to the intradomain parallel angle of 45 relative to the C strand. Only one weak
pairing between the A and G strands in these I2-set hydrogen bond is found between the two  strands
domains. The G strands in CD3 and CD3 act as surro- outside the CC turn. A conserved Trp50 residue on
gate A strands for each other. The importance of the the E strand pushes the C strand and the CE loop
G strand to the structural integrity of Ig-like domains outward. A sharp turn in the CE loop causes the C, C
has been shown in the molecular dynamics simulation strands and the CE loop to form the three sides of a
of mechanical unfolding of Ig domains in titin molecules triangle. Interestingly, the structure of this region is
(Klimov and Thirumalai, 2000; Lu and Schulten, 2000). nearly identical to that in the homologous CD32 N-termi-
The hydrogen bonded G strand pair in the CD3 com- nal domain whose function remains unknown (Sonder-
plex apparently enhances the stability of individual CD3 mann et al., 1999). This curious triangular region may
domains, joining them in a rigidified three layer  sand- bind an as yet unknown ligand. Of note, the single glyco-
wich configuration resembling a single 14-stranded mol- sylation site found in human, mouse, and rat CD3 is
located in the vicinity.ecule.
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Figure 3. The Sheet Arrangement for CD3 and CD3 Extracellular
Domains
(A) and (B) show the  sheet organization for CD3 and CD3, re-
Figure 2. Ribbon Diagrams of the CD3ext Molecule spectively. Single and paired hydrogen bonds between strands (yel-
low) are identified by single and double arrowhead lines, respec-Two views of CD3ext are shown in which the linker region and
tively. The reference point cysteine residues in the B and F strandsseveral unstructured residues at the N termini of each domain have
of each domain which participate in intradomain disulfide bondbeen omitted. The structure in (B) is rotated 50 about the vertical
formation are colored red. The secondary structure of the CD3axis relative to that in (A). The  strands are colored in yellow and
segment following the FG turn is ambiguous due to lack of NMRlabeled (red for CD3 and blue for CD3). In (A), three pairs of main
restraints and, therefore, designated as an extended oval. (C) de-chain atoms involved in interdomain G strand hydrogen bonds are
fines the association between the G strands and the abutting stalkdesignated with amide protons in gray and carbonyl oxygen atoms
regions (shaded pink) indicating juxtaposition of the four cysteinein red. In (B), the two pairs of disulfide-linked cysteine residues are
residues (colored green). Note that the highlighted stalk residues inshown as rods colored in magenta. Figure prepared using MOLMOL
(C) are not contained in the recombinant scCD326 protein.(Koradi et al., 1996).
have more homology to CD3 (pink shaded, mainly inThe sequence alignment of CD3, CD3, and CD3
B and C strands) than to CD3 (orange shaded, in Echains from several species, including mouse, rat, hu-
strands), suggesting that CD3 may be the most recentman, sheep, and rabbit are shown in Figure 4. The align-
addition to the CD3 family. This notion is consistent withment is adjusted according to the corresponding 
the evidence that CD3 in mammals plays a criticalstrands identified in the CD3ext complex. It is evident
role in the pre-TCR complex during the early CD4CD8from the consensus sequences (red letters) and prior
DN thymocyte stage (Haks et al., 1998) while the CD3genetics information (Saito et al., 1987; Tunnacliffe et
gene product is critical for subsequent TCR-dependental., 1988) that all three sequences evolved from a single
peptide-driven selection at the CD4CD8 DP thymo-primordial gene. The core of this domain type consists
cyte stage (Dave et al., 1997).of the highly conserved B and F strands, with common
characteristics including a VxL/VxC motif and a GxYxC
motif on the B and F strands, respectively. There is The Interface between CD3 and CD3
A strong correlation exists between the conserved resi-also a RxCxxCxE motif unique to the CD3, CD3, and
CD3 sequences in the membrane-proximal stalk re- dues in CD3 and their dimerizing interfaces. Most of the
conserved residues (see Figure 4) are concentrated ongion. The sequences of CD3 and CD3 are most similar
to each other (green shaded), indicating a more recent the A and G strands, or located in the hydrophobic core
of the stem region. By contrast, the surface exposedgene duplication event in a “stepwise evolution” since
chicken and frog have a single CD3/ homolog (Go¨bel residues in the head region of each domain have higher
degrees of variability (Figure 5). In CD3, a patch ofand Dangy, 2000). In addition, the sequences of CD3
NMR Structure of CD3 Subunits
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Figure 4. Sequence Alignment of CD3, , and  Ectodomains Derived from Human, Mouse, Rat, Sheep, and Rabbit Species
The residues conserved among virtually all homologs are designated in red letters. Color shading indicates the following: pink—conserved
between CD/ only; orange—conserved between CD3/ only; green—conserved between CD3/ only; yellow—homologous between CD3/
 only; cyan—conserved among CD3 only. The  strand assignments based on the structures of CD3 and , and predictions for CD3, are
drawn for the mouse sequences. Note that the N-terminal segment of the CD3 G strand is ambiguous and hence not fully shaded.
conserved residues with hydrophobic side chains sur- domains are 2,400 A˚2 and 1,350 A˚2, respectively, and
rounded by a ring of hydrophilic residues agrees well those between the H57 monoclonal antibody (mAb) con-
with the binding site for CD3 (Figures 5A and 5C). The stant domains and variable domains are 1,800 A˚2 and
residues in CD3 that are conserved or homologous 1,330 A˚2, respectively (Wang et al., 1998). Therefore, the
between CD3 and CD3 sequences show a similar pat- buried surface in the CD3/CD3 interface is compara-
tern (Figures 5B and 5D). The side chain interactions ble to the interface between the variable domains in N15
between CD3 and CD3 Ig-like domains involve the TCR and H57 mAb, as well as other immunoreceptors
hydrophobic and/or aromatic residues from both G (Garcia et al., 1999), suggesting a reasonably strong
strands interlocked together like the teeth of a zipper, interaction and consistent with our findings below that
while at the same time being shielded from the solvent no single amino acid mutation disrupts subunit associa-
by the inward-facing hydrophobic residues from the A tion (infra vide). Hydrophobic and/or aromatic residues
strands (Figures 5E and 5F). The residues Tyr59 and account for 50% of the total buried surface area, with
Tyr74 from the F and G strands of CD3 (Figure 5E) fit strength of the heterodimeric complex association also
nicely into the central cavity of the binding face in CD3 derived from the unusual backbone interactions be-
(Figure 5D) formed by Val9, Val11, Leu75, and Val77 tween the CD3 subunits. This interface is distinct from
(Figure 5F). Another cavity in CD3 (Figure 5C) formed by that of the three-layer, primarily hydrophobic surface
three hydrophobic residues Val10, Ile12, and Leu75 described for antibody VH-VL (Chothia et al., 1985) and
from the A and G strands (Figure 5E) readily accommo- TCR V-V (Garcia et al., 1999), as well as that of the
dates the protruding Tyr78 from CD3 (Figure 5F). In hydrophilic surfaces replete with salt links in the TCR
addition, Lys76 and Tyr79 at the bottom of the dimeriz- C-C interface (Garcia et al., 1999; Wang et al., 1998).
ing interface engage in an aromatic ring-aliphatic chain The pairing of the hydrogen bonded G strands in
hydrophobic interaction, and Gln76 on the G strand of
CD3ext is consistent with a symmetric alignment of theCD3, which is conserved among CD3 and CD3 but
conserved RxCxxCxE motif in the stalk regions of both
absent in CD3 sequences, is hydrogen bonded to the
CD3 and  chains (Figure 3). Consequently, these fourbackbone carbonyl of Tyr8 from the A strand of CD3
closely approximated cysteine residues in the stalk re-(Figures 5E and 5F). Although an interesting salt bridge
gion of CD3 heterodimers could form a metal-coordi-has been observed in some of the calculated NMR mod-
nated cluster, possibly a zinc binding site similar to theels between Arg60 from a conserved DPR motif in the
Cys2-Cys2 motifs found in the DNA binding domain ofEF loops of both CD3 and  sequences (Dietrich et al.,
the estrogen receptor and the DNA methyl phospho-1996) and Glu7 in mouse CD3, the function of this
triester repair domain of Ada protein (Myers et al., 1993;motif remains unresolved since the latter is not con-
Schwabe et al., 1990). Since our own efforts to expressserved among other CD3 sequences. All critical resi-
the entire CD3 and CD3 ectodomains including thedues of CD3 that contact CD3 are conserved or ho-
stalk regions were unsuccessful because of disulfidemologous in CD3 including Val9, Val11, Leu75,
scrambling (Kim et al., 2000) and other biochemical stud-Gln76, Val77, Tyr78, and Tyr79. We can therefore
ies are not definitive (Borroto et al., 1998), elucidationconclude that the CD3 interface will be very similar.
of this issue remains to be completed. However, theThe interface between CD3 and CD3 has a total
results from the single-chain constructs of CD3 sug-buried molecular surface area of 1,308.7 A˚2, as calcu-
gest that the stalk region is unnecessary for the associa-lated by the MS program (Connolly, 1983) with a 1.7 A˚
tion between the native CD3 and  Ig-like domains (Kimprobe radius. In comparison, the buried surface areas
between the N15 TCR constant domains and variable et al., 2000).
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For this purpose, a cDNA encoding a C-terminal FLAG-
tagged CD3 protein with or without a cDNA encoding
the C-terminal HA-tagged wtCD3 protein was trans-
fected into Cos-7 cells. After 48 hr, cells were lysed in
detergent, immunoprecipitated with anti-FLAG or anti-
HA mAbs, and subsequently Western blotted. Precipita-
tion and Western blotting with the same mAb were used
to assess the relative levels of each subunit within the
various Cos-7 cell transfections, while immunoprecipita-
tion and Western blotting with the reciprocal mAb pair
were employed to assess CD3/CD3 association.
As shown in Figure 6, transfection of Cos-7 cells with
wtCD3 or any of the CD3 variants followed by anti-
FLAG immunoprecipitation and Western blotting showed
comparable levels of CD3 protein. Equivalent levels of
FLAG-tagged CD3protein were observed in Cos-7 cells
cotransfected with CD3 as well. However, analysis of
Cos-7 cells transfected with wtCD3  wt or variant
CD3 using sequential anti-FLAG immunoprecipitation/
anti-HA Western blotting revealed clear differences.
While the coexpressed wtCD3 and wtCD3 subunits
associate well, the mutations variably affect association.
Thus, the CD3 single mutant (sm) Y74G associates with
CD3 comparably to wtCD3 (85%). The CD3 triple
mutant (tm) Y59S/Y72S/Y74S is somewhat reduced
(69%) as is the CD3 stalk region cysteine minus variant
(CD3c)(67%). Most strikingly, however, the combina-
tion of both sets of CD3 mutations in the CD3tmc
variant virtually abrogates association with wtCD3 (6%)
despite comparable levels of total cellular HA-tagged
wtCD3 in all transfectants. These data show that while
CD3tm and CD3c mutants alone modestly impair
wtCD3 association, the CD3tmc combined mutations
have a dramatic effect. Thus, CD3 F and G strand tyro-
sine residues involved in CD3 contact and the closely
approximated cysteine residues in their ectodomain
stalk regions are important for formation and/or mainte-
Figure 5. CD3 Heterodimeric Interface Characterization nance of stable heterodimer pairing. Furthermore, im-
For the purposes of illustration, the CD3 domains in the left panels munoprecipitation with the conformationally sensitive
and CD3 domain in the right panels have been rotated180 about anti-CD3 mAb 17A2 followed by anti-FLAG Western
the vertical axis relative to each other in an opened book configura- blotting shows that expression of the 17A2 epitope is
tion. (A) shows the space filling model of CD3 with residues con- dependent on CD3 coassociation (compare wtCD3
served in CD3 sequences highlighted. (B) shows CD3 with resi-
versus wtCD3  wtCD3, bottom panel in Figure 6).dues conserved or homologous between CD3 and  sequences
Importantly, the CD3c variant does not abrogate thehighlighted. The colors in (A) and (B) indicate hydrophobic and/or
aromatic (green) and hydrophilic (pink) residues. (C) and (D) show ability of 17A2 to immunoprecipitate CD3. In contrast,
the molecular surfaces of CD3 and CD3, respectively, with the detectable 17A2 reactivity is lost on CD3sm and CD3tm
domain interfaces (defined as atoms within 5 A˚ of their binding variants despite their capacity to associate with wtCD3.
partners) colored in green. (E) and (F) show the ribbon diagrams of Note that residue Y74 involved in both CD3 variants is
CD3 and CD3, respectively, with the critical residues involved in
almost completely buried in the CD3 domain interfaceinterdomain interactions shown as ball-and-stick models and la-
and therefore unable to be recognized directly by 17A2.beled in black. The figure was prepared using MOLMOL (Koradi et
al., 1996). Alteration in even a single G strand residue can second-
arily disrupt the integrity of the surface-expressed CD3-
specific conformational epitope. These results imply
that precise pairing at the CD3 interface is criticalMutational Analysis of Conserved Interface
in maintaining the native conformation. The conservedand Stalk Region Residues
cysteines in the stalk region are likely to facilitate thisTo directly assess the contribution of Ig-like domain
pairing but nonetheless are not required for the associa-interface residues as well as the conserved stalk region
tion of the CD3 chains.cysteine residues to the noncovalent pairing of the full-
length CD3 subunits in the cell membrane, a series of
chain association studies was conducted using variants Implications for TCR and Pre-TCR Signaling
Each of the invariant CD3 chains within a TCR complexof CD3 involving the conserved cysteine residues in
the stalk region, and three conserved tyrosine residues is assembled into modules of dimers, including the disul-
fide-lined CD3 homodimer and the noncovalentlyin a contiguous hydrophobic region on the CD3 surface.
NMR Structure of CD3 Subunits
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Figure 6. Mutational Analysis of CD3: Role
of Interface Residues and Conserved Stalk
Region Cysteines in Subunit Association
(A) shows the schematic outline of wtCD3,
wtCD3, and mutant CD3molecules with the
indicated addition of cytoplasmic C-terminal
tags. (B, top) shows ECL analysis of lysate
from Cos-7 cells, transfected with the indi-
cated cDNAs and immunoprecipitated (IP)
and Western blotted (WB) with the indicated
tag-specific mAbs. (B, bottom) shows parallel
analysis using the conformationally depen-
dent anti-CD3 mAb, 17A2.
linked CD3 and CD3 heterodimers (Alarcon et al., inside this pocket may interact with the negatively
charged residues in the BC and CE loops on CD3.1988; de la Hera et al., 1991; Koning et al., 1990; Manolios
et al., 1991; Punt et al., 1994). The CD3 and  chains Molecular docking models constructed using “tree
dock” in-house algorithm (A. Fahmy et al., submitted)must compete for binding to CD3 since they are most
similar in sequence and hence in structure. The structure confirm that this interaction mode is feasible. Our search
results also suggest a second potential docking site onof CD3ext complex herein offers an explanation as to
why noncovalently linked CD3, CD3, and CD3 ho- the exposed GFCC face of TCR C, consistent with the
notion that there are two nonglycosylated CD3 subunitsmodimers as well as CD3 heterodimer cannot exist.
As shown in Figures 5C and 5D, the two hydrophobic per TCR complex. In contrast, the glycosylated CD3
and CD3 subunits extend away from the TCR hetero-cavities (surrounding the white circles) in the CD3 and
 domains are distinct; consequently, poor surface com- dimer (Rudd et al., 1999). The docking models are based
on the CD3ext complex structure lacking the 26 aminoplementarity would result between subunit interfaces in
CD3 homodimers or a CD3 heterodimer. In this regard, acid linker. The NMR structure shows that the linker is
not involved in the dimeric interaction of CD3 and CD3.none of the three CD3 tyrosine residues implicated in
interface interactions by the Cos cell transfection experi- However, inclusion of the flexible linker region interferes
with proper docking of CD3 to the TCR, in agreementments are present in CD3 and CD3 sequences. There-
fore, only weak, if any, association may exist among with our previous experimental NMR binding studies
using 15N-labeled CD3ext protein and unlabeled N15CD3 and CD3 molecules. Furthermore, the excess
charges on the highly acidic CD3 and basic CD3mole- TCR (Kim et al., 2000). Although preliminary, the current
docking exercises provide important leads for subse-cules mandate against the formation of CD3 and
CD3 homodimers due to electrostatic repulsion. quent identification of the CD3 binding sites on the TCR
 heterodimer ectodomain. Future NMR experimentsPrevious mAb epitope mapping analysis has sug-
gested that one of the CD3 subunits is in close proxim- will identify the binding site by mapping residues with
perturbed chemical shifts on the 15N-labeled TCR mole-ity to the TCR C chain FG loop while a second CD3
subunit lies elsewhere (Ghendler et al., 1998a). Crystallo- cule following association with a linker-excised CD3ext.
The pre-TCR is critical for DP thymocyte differentia-graphic analysis of a TCR  heterodimer indicates that
the pocket formed between the FG loop from TCR C tion from DN precursors as well as efficient TCR allelic
exclusion. The pre-TCR consists of a TCR chain disul-and the AB, CD, EF loops from TCR C is a potential
binding site for one CD3 subunit (Wang et al., 1998). fide bonded to the thymus-restricted pT subunit found
on DN thymocytes (von Boehmer et al., 1999, 1998). TheSeveral positively charged lysine and arginine residues
Cell
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Experimental Procedureslatter is a transmembrane protein with a single Ig-like
extracellular domain bearing only weak homology
NMR Structural Determination(12%) to TCR C, but with conservation of all key
The standard NMR methodology was used as described previously
residues participating in formation of the rigid interface (Matsuo et al., 1997). NMR assignments were carried out using 15N-
between C and C (Wang et al., 1998). Given this struc- 13C-2D labeled proteins expressed from E. coli (Kim et al., 2000). In
addition, the H(CCO)NH experiment on a 70% deuterated proteintural conservation, the heterodimeric interface of pT-
sample proved to be crucial for both backbone and side chainC and that of C-C should be similar. As a conse-
assignments (Lin and Wagner, 1999). The samples were preparedquence, the topology of CD3-containing heterodimers
in 5 mM sodium acetate (pH 4.5) with a typical protein concentrationaround Cpredicted above is likely preserved to a signif-
of 0.5 mM. Overall, the backbone amide resonances from 144 resi-
icant degree in pre-TCR and TCR, accounting for the dues have been assigned. The remaining unassigned resonances
importance of the TCR chain. The ability of anti-CD3 are attributed to prolines and highly mobile residues. The NMR
distance constraints were obtained from a NOESY spectrum ac-mAb crosslinking in vivo to bypass the requirement for
quired on a Unity-Inova 750 MHz spectrometer (Varian), and athe pre-TCR to induce DP thymocyte development in
15N-NOESYHSQC spectrum acquired on a Avance 500 MHz spec-Rag/ mice further emphasizes the importance of CD3
trometer using a cryogenic probe (Bruker). The backbone angularin T lineage differentiation (Levelt et al., 1993; Shinkai
constraints were obtained from chemical shift index analysis using
and Alt, 1994). In an analogous way, during B cell devel- the TALOS program (Cornilescu et al., 1999). NMR data processing
opment, Ig and Ig proteins encoded by mb-1 and B29 and analysis were carried out using the PROSA (Gu¨ntert et al., 1992)
and XEASY (Bartels et al., 1995). Structural calculations by simulatedgenes (Hermanson et al., 1988; Sakaguchi et al., 1988)
annealing were performed using XPLOR (Bru¨nger, 1992).form heterodimers in association with a pre-B cell com-
plex, serving as signaling proteins therein and in the
cDNA Cloning and Cos Cell TransfectionB cell receptor as well. These proteins are structurally
cDNAs encoding the mouse CD3 and  subunits were generatedsimilar to CD3, CD3, and CD3 with a single Ig-like
by PCR using templates obtained from C57BL6 mice via RT-PCR,extracellular domain, transmembrane segment, and
ligated into the pCR2.1 vector (Invitrogen) of the TA cloning sys-
ITAM-containing cytoplasmic tail. Crosslinking of Ig/ tem for subcloning and sequencing, and finally ligated into the
Igdimers also induces B lineage differentiation (Nagata BamHI/EcoRI-digested pCDNA1.1 (Invitrogen) expression vector.
The murine CD3wt_Flag construct including the FLAG epitopeet al., 1997).
(DYKDDDDK) and murine CD3wt_HA construct including the HAMany years ago, antibody crosslinking studies clearly
epitope (YPYDVPDYA) were amplified by PCR. Mutant CD3 con-demonstrated the mitogenic properties of anti-CD3
structs were generated by PCR as well using designed mutationmAb for mature T cells and identified a linkage between
oligos. Cos-7 cells were cultured in Dulbecco’s modified Eagle’s
CD3 expression and antigen responsiveness (Meuer et medium supplemented with glutamine, penicillin, streptomycin, and
al., 1983c; Reinherz et al., 1982; van Wauwe et al., 1980). 10% fetal bovine serum. Cells were cotransfected with 10 g of
expression vector containing mCD3wt_HA with or withoutCurrently, a molecular view of the activation process is
mCD3wt_FLAG, mCD3wt_FLAG (C80S, C83S), mCD3wt_FLAGbecoming possible. The CD3 and CD3 adopt C2-set
(Y74G), mCD3wt_FLAG (Y59S, Y72S, Y74S), and mCD3wt_FLAGIgSF folds to form a stable heterodimeric ectodomain
(C80S, C83S, Y59S, Y72S, Y74S). The total amount of DNA wascomplex through distinctive hydrogen bonded parallel
maintained using pCDNA1.1 empty vector DNA. At 48 hr post-
 strand pairing and complementary hydrophobic inter- transfection, the medium was removed and the plates were washed
actions. The rigidity of the paired G strands within a twice in ice-cold PBS and solubilized in a buffer containing 150
mM NaCl, 50 mM Tris-HCl (pH 7.4), 1% Triton X-100 (v/v), 1 mMCD3 heterodimer, and their insertion into the lipid bi-
phenylmethylsulfonyl fluoride, 5 g/ml of aprotinin, 5 g/ml of leu-layer via the conserved RxCxxCxE cysteine-coordinated
peptin, and 1 mM iodoacetamide.stalks, likely facilitate transduction of signals upon liga-
tion of the associated TCR heterodimer by pMHC or
Immunoprecipitation and Western Blottingthe associated pre-TCR pT heterodimer by a thymic
Cell lysates were precleared for 2 hr by incubation with 20l of a 50%component. This paired G strand “rod-like” connector
(v/v) slurry of normal mouse purified IgG (Sigma-Aldrich) coupled to
may, in turn, permit displacement of the transmembrane CNBr-activated Sepharose 4B or 20 l of GammaBind G-Sepharose
helices of CD3 and/or additional components of the (50% slurry) beads (Amersham Pharmacia Biotech). After removing
the insoluble material, the precleared supernatants were incubatedcomplex to stimulate intracellular kinase-dependent sig-
for 4–16 hr at 4C with 20 l of a 50% (v/v) slurry of anti-FLAG M2-naling, as suggested in other systems (Ottemann et al.,
agarose affinity gel (Sigma) or 10 g of rat anti-mouse CD3 mAb1999). In conjunction with charge-charge interactions
17A2 (PharMingen) together with 20 l of GammaBind G-Sepharoseat the buried interface of TCR (and pre-TCR) constant
(50% slurry) beads. The beads were subsequently washed four times
domains and the unusual TCR C FG loop which limits with a buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.4)
movement at the V-C interface (Garcia et al., 1996; (TBS) and resuspended in Laemmli sample buffer. SDS-polyacryl-
amide gel electrophoresis was performed on 13% polyacrylamideWang et al., 1998), the emerging picture of TCR-based
gels under reducing conditions and then transferred onto nitrocellu-signaling is one involving a rigid V-C-CD3 transduc-
lose membrane at 90V for 1 hr. The membranes were blocked usingtion module. Thus, piston-type displacement rather than
a TBS buffer containing 5% (w/v) nonfat milk and 0.4% (v/v) Tween-
conformational change of the TCR appears to be a basis 20 (TBS_BM) at 4C overnight. The blots were subsequently washed
of TCR signaling. Concerted TCR component movement three times for 10 min with TBS containing 0.4% Tween-20 (TBS_T),
may be aided by putative salt links between subunit and separately incubated with either mouse anti-Flag M2 (Sigma)
mAb or mouse anti-HA mAb (BAbCO), diluted in TBS_BM at RT forcomponents of the transmembrane helices (Harrison,
1 hr. The blots were subsequently washed three times with TBS_T,1996; Zidovetzki et al., 1998). Structural analysis of the
and incubated with a 1:3000 dilution of horseradish peroxidaseCD3 heterodimer should readily facilitate future char-
(HRPO)-conjugated goat anti-mouse IgG (Caltag) in TBS_BT at RT
acterization of the CD3 component whose features for 2 hr. Finally, the blots were washed six times with TBS_T, and
are largely conserved and ultimately define the topology protein bands were visualized with the enhanced chemilumines-
cence method (ECL, Amersham Pharmacia Biotech). ECL imagesof both within the TCR complex.
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were compared using Imax Quant (Molecular Dynamics Corpora- diagonal mode to the HLA-A2/Tax peptide complex using different
TCR amino acids. Immunity 8, 403–411.tion) with the signal of wtCD3  wtCD3 cotransfection read as
100%. Results are representative of two independent experiments. Ding, Y.H., Baker, B.M., Garboczi, D.N., Biddison, W.E., and Wiley,
D.C. (1999). Four A6-TCR/peptide/HLA-A2 structures that generate
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